Introduction {#S0001}
============

Nowadays, solid organ transplant (Tx) is considered as an important strategy to treat many end-stage organ failures.[@CIT0001] Despite advances in surgical techniques, immunosuppressant drugs regimen, hospital care, and the identification methods of post-transplant complications, the bacterial infections are still the most important causes of patients' mortality and morbidity following solid organ Tx.[@CIT0002] Liver transplant patients are more prone to post-transplant infections due to complication related to surgical method, since it has to penetrate into hepatobiliary system.[@CIT0003] Evidence has shown that bacterial, followed by viral and fungal infections are the most predominant infections following liver Tx, particularly during hospitalization.[@CIT0004]

The incidence of bacterial infection and the pattern of pathogens sensitivity/resistance are different from center to center, depending on different prophylactic protocols. For instance, Li et al reported that 14.1% of patients experienced bacterial infections within 3 months after Tx,[@CIT0005] while this rate was 30.2% in a 9-year study by Kim et al.[@CIT0006]

A national prospective cohort study in 2018 was conducted to determine the incidence of infections in liver Tx recipients and reported that bacterial infections occurred in 31.7% of patients and the mortality rate caused by these infections was 6.4%. The most common bacterial infections were sepsis (16.1%), followed by urinary tract infections (9.4%), pneumonia (6.3%), and surgical site infections (4.6%).[@CIT0007]

In recent years, studies have shown that the Gram-negative microorganisms are more responsible for infections in liver Tx recipients in comparison with Gram-positive ones.[@CIT0008],[@CIT0009] Alberto Ferrarese et al reported that *Enterobacteriaceae* was responsible for 44.3% of hospital acquired infections within 1 month after liver Tx. In this regard, *Escherichia coli, Klebsiella pneumoniae,* and *Proteus mirabilis* were the most common pathogens responsible for infection.[@CIT0010] In a retrospective analysis of post-liver Tx infections, female gender, septic shock and lymphocyte counts below 300/mm^3^ were identified as the risk factors for mortality caused by *Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa*, and *Enterobacter spp*.[@CIT0011]

It is clear that bacterial infection prophylaxis and treatment, as well as reducing infection-related complications, length of hospital stay, and total treatment costs are major concerns for liver Tx recipients. Therefore, the researchers will attempt to discuss the latest facts on epidemiology, risk factors, treatment options, and the impact of prophylactic strategies related to the most common Gram-negative bacterial infections in liver Tx recipients.

*Klebsiella pneumoniae* (*K. pneumoniae*) {#S0001-S2001}
-----------------------------------------

### Epidemiology {#S0001-S2001-S3001}

Prevalence of *K. pneumoniae* infection in liver Tx recipients varies based on the setting in which the study was conducted.[@CIT0012] For instance, Hyun Kiyung Kim et al reported that 14.2% of liver Tx recipients suffered blood stream infection caused by *K. pneumonia*[@CIT0013] while the rate of *K. pneumoniae* infections reported by Linares et al was 6.9%.[@CIT0012]

The concerning issue is the high rate of mortality among patients following *K. pneumoniae* infection. It was reported in one study that the mortality rate was 32% and 78% among patients with carbapenem-resistant and carbapenem-sensitive *K. pneumoniae* infections, respectively.[@CIT0014]

The major concern regarding the outcomes associated with *K. pneumoniae* infection is the high incidence of Carbapenem-resistant *K. pneumoniae* (CRKP) vs Carbapenem-sensitive K. pneumoniae (CSKP). It is estimated that the incidence of infections caused by carbapenem-resistant Enterobacteriaceae (CRE), particularly CRKP, is 6% to 12.9% in liver Tx recipients.[@CIT0015] In this regard, mortality rate related to CRKP infection was 82% and 35% in Mouloudi et al[@CIT0016] and Pereira et al[@CIT0017] studies, respectively. In one retrospective cohort study in 2012, 37% of infections in liver Tx recipients were related to Klebsiella. CRPK infections occurred in 72% of patients and the mortality rate was 71% amongst this population. Most of the deaths occurred within 30 days after CRKP infection.[@CIT0018] Also, Lubbert et al reported that mortality rate in liver Tx recipients infected with carbapenemase producing *K. pneumoniae* (CPKP) was 78%, with 56% of the related deaths occurring due to sepsis and multi-organ failure.[@CIT0019]

### Risk Factors {#S0001-S2001-S3002}

The spread of infections caused by *K. pneumoniae* is a major concern in the hospitalized patients. Based on the available studies, chronic liver diseases, dialysis, cancers, and solid organ Tx are the main risk factors for *K. pneumoniae* infections.[@CIT0012] Considering the conducted studies, the following can be mentioned as important risk factors for CRKP infections in liver TX recipients: Colonization with CRKP,[@CIT0017],[@CIT0020] chronic kidney disease (CKD), model for end-stage liver disease (MELD) score more than 20, mechanical ventilation,[@CIT0020],[@CIT0021] exposure to cephalosporine/carbapenem/piperacillin tazobactam,[@CIT0019],[@CIT0021] renal replacement therapy,[@CIT0020] HCV recurrence,[@CIT0020] and Roux-en-Y biliary choledochojejunostomy.[@CIT0017]

### Clinical Presentation {#S0001-S2001-S3003}

Blood stream[@CIT0020] and urinary tract[@CIT0018] infections are the most common infections caused by *K. pneumoniae*. Also, pneumonia,[@CIT0020] as well as tertiary peritonitis and surgical site infections[@CIT0019] have been mentioned as other complications of *K. pneumoniae* in liver Tx recipients.

Rana et al conducted a case series study on necrotizing soft tissue infections (NSTIs) caused by *K. pneumoniae* in liver Tx recipients, and reported that all 6 patients with NSTI expired, 4 of which were Carbapenem-resistant *K. pneumoniae* (CRKP). Diabetes mellitus (DM), prolonged courses of antimicrobial therapy, history of hospitalization before liver Tx, and non-contiguous areas of necrosis were considered to be the predisposing factors.[@CIT0022]

### Prevention And Treatment {#S0001-S2001-S3004}

One of the most effective actions to prevent complications caused by klebsiella infections is to identify the related risk factors and try to eliminate or at least control them.

Although antibiotics such as polymyxins, carbapenems, glycylcyclines, aminoglycosides, cephalosporines, fluoroquinolones, monobactam, fosfomycin, tetracyclines, cotrimoxazole, and beta lactam-beta lactamase inhibitors are recognized as treatment options against *K. pneumoniae*, considering the high prevalence and spread of CPKP species, only polymyxins, aminoglycosides, and tigecycline have inhibitory activity against CPKP in vitro.[@CIT0023] Also, in recent years, ceftazidime/avibactam has been approved for treatment of hospital and ventilator acquired pneumonia, as well as complicated intraabdominal and urinary tract infections caused by *K. pneumoniae* carbapenemase (KPC) producing *K. pneumoniae*. This drug which is usually administered 2.5 g every 8 hrs in adults and has intrinsic activity against Enterobacteriaceae-producing KPCs, extended spectrum beta lactamases (ESBLs), OXA, AmpC enzymes but is not effective against class B β-lactamases (MBL, VIM, NDM). Also, its activity against CRE species is limited to case series. Considering the resistance of some species to this drug and lack of use in liver Tx recipients, further clinical studies are required to evaluate this drug's efficacy in this population.[@CIT0024]--[@CIT0027]

There are several studies with different results, which have evaluated the outcomes of monotherapy or combined therapy in liver Tx patients with *K. pneumoniae* infection.

A total of 17 Tx recipients with CPKP infection were retrospectively studied by Clancy et al, and the results were as follows: 1) antibiotics that were inactive against CPKP in vitro, did not have appropriate activity in patients. 2) Seventy-one percent of patients treated with monotherapy, experienced treatment failure and loss of susceptibility to gentamicin, colistin, and ciprofloxacin was observed in some cases. Thus, the authors believe that combined therapy is preferred over monotherapy in cases with CPKP infection. 3) In this study, the combination of colistin and doripenem was identified as the most successful antibiotic regimen.[@CIT0028]

Even though there are some evidence on the effect of carbapenem monotherapy on CPKP, particularly on isolates with carbapenem MICs of ≤4 mg/dL, combining antibiotic therapy were preferred in most studies.[@CIT0023] Also, in Lee et al review it was concluded that monotherapy with polymyxins achieved the highest rate of failure in comparison with combined therapy of polymyxins with other antibiotics. Whereas combination of colistin with tigecycline, colistin with carbapenem and colistin with aminoglycosides provided the highest rate of success in treating CPKP infections, respectively.[@CIT0029]

For CPKP infection, prolonged infusion of carbapenems, particularly meropenem is a treatment option. Prolonged infusion maximizes the time that antibiotic concentrations remain above the MIC of microorganism, which reduces the chance of treatment failure.[@CIT0030] Pharmacokinetic studies have shown that prolonged infusion of 1 g meropenem during 3 hrs for every 8 hrs was able to retain the concentration above MIC for a longer period in comparison with infusion of a similar dose during half an hour.[@CIT0030] Also, it was mentioned that this treatment protocol (1 g meropenem q 8 h over 3 h) was more effective against CPKP isolates with MIC ≤4 mg/dL, and for isolates with KPC \>4 mg/dL, high dose prolonged infusion (2 g meropenem q 8 hrs over 3 hrs) was recommended.

Tigecycline is another effective antibiotic against KPC. Its volume of distribution (Vd) is 8 L; hence, it has a strong tissue penetration, can enter into skin, gallbladder, bowel, and pulmonary tissue and is FDA approved for skin and intra-abdominal infections, as well as community acquired pneumonia. This drug is not a good choice in the case of blood stream infections due to its low plasma concentrations, and is not FDA approved for this purpose. Long elimination half-life after multiple dosing and the lack of effect of renal impairment, as well as mild hepatic impairment on drug clearance, can be mentioned as other advantages of this drug. The value of tigecycline monotherapy in *K. pneumoniae*, especially KPC, is under investigation as a result of the FDA warning in 2010 regarding an increase in mortality.[@CIT0031]

Mouloudi et al assessed the outcomes of treating liver Tx recipients with tigecycline in their own center. Among 109 liver Tx recipients, 10 cases had positive KRCP culture with MICs of ≤4 mg/dL and were candidates to receive 100 mg loading dose of tigecycline and then 50 mg q 12 hrs as the maintenance dose, of which, 2 patients received tigecycline as monotherapy, and 9 were given combined therapy with colistin (5 patients) and colistin -- gentamicin (4 patients). The results showed that the intensive care unit (ICU) mortality rate and microbiological response rate were 60% and 70%, respectively. Superinfection with *Pseudomonas aeruginosa* was observed in 5 patients. It was declared that tigecycline was well tolerated by all patients; however, its adverse effects, particularly hepatotoxicity which is an important issue in liver Tx recipients were not discussed.[@CIT0016] Therefore, more studies regarding the use of tigecycline, particularly for treating KPC infection are required to evaluate the risks.

Tigecycline is usually used in combination with cefoperazone--sulbactam, carbapenems, aminoglycosides, and polymixins. In a metanalysis regarding tigecycline monotherapy versus combination therapy for the treatment of hospital-acquired pneumonia, the authors concluded that tigecycline combination therapy is usually used to treat XDR Gram-negative bacilli infections and has lower mortality rate in compared with monotherapy. However, two cohort studies showed no significant difference in mortality rate between the tigecycline monotherapy and combination therapy.[@CIT0032] Also, in another study, combination therapy with tigecycline has been recommended in severe infections with no other choice but the study could not prove the superiority of combination therapy to monotherapy.[@CIT0033] It seems that further studies are required to evaluate the efficacy of tigecycline combination therapy in compared to monotherapy.

Fosfomycin, as one of the phosphonic acid derivatives, possesses antibacterial effects against Gram-positive bacteria and Enterobacteriaceae including *Escherichia coli* and *K. pneumoniae*.[@CIT0031],[@CIT0034] One important issue that should be considered when administering this antibiotic is the emergence of potential resistance during therapy. Thus, some clinicians suggest using Fosfomycin combination therapy to treat Gram-negative bacteria.[@CIT0034] Samonis et al evaluated the synergistic effect of Fosfomycin combined with carbapenems, aminoglycosides, colistin, and tigecycline, who concluded that these combinations had appropriate activity against CPKP. However, further clinical studies are required to confirm this result.

In summary, when considering the results of studies on treating *K. pneumoniae* infections in liver Tx recipients and the spread of CPKP isolates, it seems that combined therapy (mostly polymyxin with carbapenems or aminoglycosides) was superior to most monotherapy. Extended infusion of carbapenems is another therapeutic method. Using tigecycline and Fosfomycin or adding doxycycline and rifampin to antibiotic regimen to treat KPC requires further research.

Also, prophylactic strategies should be implemented by performing polymerase chain reaction (PCR)-based screening upon patient admission in order to identify KPC, isolation of CPKP positive patients in a separate hospital ward, restricting broad-spectrum antibiotics, especially carbapenems, and practicing hand hygiene, particularly by healthcare providers.[@CIT0019]

*Acinetobacter baumannii* (*A. baumannii*) {#S0001-S2002}
------------------------------------------

### Epidemiology {#S0001-S2002-S3001}

Based on Infectious Diseases Society of America (IDSA) studies, *A. baumannii* has been identified as one of the six resistant pathogens responsible for mortality and morbidity in patients.[@CIT0035] This pathogen can cause blood stream, respiratory tract, and surgical site and wound infections.[@CIT0035] Some previous studies reported incidence of *A. baumannii* bacteremia in liver Tx recipients ranging from 0.8% to 15.9%.[@CIT0036] Also, Kim et al in their cohort study showed that 10.3% of the studied liver Tx recipients developed blood stream infections caused by *A. baumannii*.[@CIT0013]

Gao et al reported *A. baumannii* infection in 62.5% of liver Tx recipients during 2 weeks after Tx and the median time of infection occurrence was 11.5 days.[@CIT0036] In this study, multiple culture positive site, intra-abdominal, and lung were the most common sites of infection.[@CIT0036] These results were also confirmed in a study by Kim et al in which the most common sites of infection by *A. baumannii* included biliary tract, lung, and peritoneal cavity.[@CIT0006]

### Risk Factors {#S0001-S2002-S3002}

According to previous studies, the following risk factors were identified for *A. baumannii* infection in liver Tx recipients:

Hospital length of stay,[@CIT0006],[@CIT0037] ICU length of stay[@CIT0006],[@CIT0037],[@CIT0038] hemodialysis after Tx,[@CIT0037],[@CIT0038] secondary surgery after liver Tx,[@CIT0038] End-Stage Liver Disease (MELD) score before liver Tx,[@CIT0006],[@CIT0038] having received broad-spectrum antibiotic[@CIT0039] particularly previous exposure to carbapenems,[@CIT0037] septic shock,[@CIT0039] and high age.[@CIT0037],[@CIT0039] In Otan et al study, diabetes and graft dysfunction after liver Tx were also considered as risk factors for *A. baumannii* infection and the mortality rate of *A. baumannii* infection was found to be higher in patients with thrombocytopenia.[@CIT0039]

Also, prolonged cold ischemia, dialysis after liver Tx, liver Tx due to fulminant hepatitis, colonization with carbapenem-resistant *A. baumanni*i (CRAB) before Tx, length of ICU stay following Tx, central venous catheter use and previous use of any antibiotic and, specifically, carbapenem were introduced as risk factors for developing CRAB in previous studies.[@CIT0037],[@CIT0040],[@CIT0041]

### Prevention And Treatment {#S0001-S2002-S3003}

Various solutions have been proposed to prevent infections caused by *A. baumannii* including limiting the use of mechanical ventilation, removing unnecessary catheter,[@CIT0036] daily chlorhexidine bathing, adherence to hand hygiene and contact precautions, and restricting carbapenem usage.[@CIT0042]

Nowadays, a majority of *A. baumannii* species have become resistant to third and fourth generation cephalosporins, and the reason is their ability to produce ESBL which leads to cephalosporin resistance.[@CIT0042],[@CIT0043]

Generally, carbapenems are identified as agent of choice to treat *A. baumannii* infections,[@CIT0042] but treating it has become difficult due to the occurrence of carbapenem-resistant species including multi drug resistant (MDR) and extensively drug resistant (XDR).[@CIT0042]--[@CIT0045]

In Gao et al study, 75% of isolated species were CRAB and the rate of was highest in patients with pneumonia.[@CIT0036] In Kim et al study, 82.4% of *A. baumannii* species and 33.3% of *Acinetobacter Lwoffii* species were carbapenem resistant.[@CIT0006]

Singh et al concluded that liver Tx recipients with CRAB infection had lower one-year survival than patients who were not infected with CRAB.[@CIT0046]

Excessive bleeding, delayed allograft function, high rates of reoperation and longer duration of mechanical ventilation are amongst the complications of CRAB infection.[@CIT0047]

Polymyxins including Colistin are another options to treat *A. baumannii* infection.[@CIT0042] Polymyxins, identified as a potent bactericidal agent against Gram-negative bacteria, cause bacterial cell death via binding to lipid membrane lipopolysaccharide (LPS).[@CIT0048] The bactericidal activity of this antibiotic is determined by the ratio of the area under the curve to MIC (AUC/MIC).[@CIT0042]

Colistin, an active drug, and colistin methanesulfonate (cms), a prodrug of colistin are two different forms of polymyxins. Cms should be converted to colistin to exert its effect. Hence, it is anticipated that patients are exposed to suboptimal concentration for 2 or 3 days before the drug concentration, reach steady state. Solutions to this concern are to use a loading dose or to administer colistin in combination with other antibiotics.[@CIT0042]

Generally, *A. baumannii* resistance to polymyxins is low. For instance, in Freire et al study in 2014, 65 liver Tx recipients were evaluated. Polymyxin-resistant *A. baumannii* (PRAB) was isolated from 7 patients, of which 4 developed infection. The mortality rate was 71% among this population.[@CIT0048] In another study in US, 5.3% of isolated *A. baumannii* species were resistant to polymixins.[@CIT0035]

Tigecycline, sulbactam, fosfomycin, and rifampin are other treatment options against *A. baumannii*. Each of them has some limitations and therapeutic failures.[@CIT0042]

Based on the studies discussing *A. baumannii* infection treatment in liver Tx recipients the following points were concluded:

Colistin in combination with carbapenems is one of the standard treatments of XDR-*A. baumannii* infections.[@CIT0045]

Gao et al in a 7-year study evaluated the liver Tx recipients who had developed *A. baumannii* infection. They concluded that in CRAB cases, combination of cefoperazone--sulbactam and tigecycline was successful. Also, in immunocompetent patients, from whom sulbactam resistant species were isolated, sulbactam was as effective as imipenem. Generally, monotherapy is associated with the development of resistant species.[@CIT0036] Also, treatment failure was observed with monotherapy in another study which was conducted on solid organ transplant (SOT) recipients.[@CIT0036] Thus, combination therapy is recommended, especially in the case of MDR/XDR species. The highest rate of success and treatment failure had occurred when combining colistin with carbapenems or tigecycline, respectively.[@CIT0036],[@CIT0045] Shields et al suggested that combining doripenem 500 mg every 8 hrs (infused over 4 hrs if possible) with colistin 5 mg/kg per day to be considered as the regimen of choice for treating XDR -- *A. baumannii* in SOT recipients. The also warned against the emergence of *A. baumannii* resistance toward tigecycline due to monotherapy.[@CIT0045]

*Pseudomonas aeruginosa* (*P. aeruginosa*) {#S0001-S2003}
------------------------------------------

### Epidemiology {#S0001-S2003-S3001}

*Pseudomonas aeruginosa* (*P. aeruginosa*) is considered as one of the main microorganisms responsible for bacteremia in hospitalized and immunocompromised patients.[@CIT0049] It is estimated that 51,000 healthcare-related infections are developed each ear in the USA due to *P. aeruginosa*.[@CIT0050]

Lee et al reported that early- and late-onset bacteremia after liver Tx is different regarding the microbiologic spectrum in a way that early-onset Gram-negative bacteremia occurred mostly due to *P. aeruginosa*. This is of value when determining empiric antibiotic therapy in this population.[@CIT0051] It was shown that all episodes of infection due to *P. aeruginosa* were developed 2 months after liver Tx. It is explained by the fact that the most immunosuppression occurs in this period.[@CIT0052]

The most common infectious complication after liver Tx is bacteremia (nearly one-third of all post-liver Tx infections) which is developed in 25--35% of liver Tx recipients. *P. aeruginosa* is one of the main microorganisms responsible for this kind of infection and was isolated from 6.5% to 12.7% of liver Tx patients with bacteremia.[@CIT0053] One study on 233 liver Tx recipients showed that *P. aeruginosa* was the third most common pathogen causing bacteremia in this population (12.7%,) and the mortality rate was 30% in *P. aeruginosa* bacteremic patients.[@CIT0054] The incidence of infections caused by Gram-negative bacteria has dramatically increased in recent years. Oriol et al recorded episodes of blood stream infections, which occurred during the first year after transplant in SOT recipients (including 50 liver Tx recipients) in a ten-year period, from 2007 until 2016. They reported a statistically significant increase in Gram-negative bacilli BSI from 54.1% to 93.3%, mainly due to *P. aeruginosa* (2.4% to 20.4%) and *K. pneumoniae* (7.1% to 26.5%).[@CIT0055]

### Risk Factors And Mortality {#S0001-S2003-S3002}

The information regarding the risk factors of developing *P. aeruginosa* infections in liver Tx recipients is limited.[@CIT0056] Prior transplantation, nosocomial acquisition, and septic shock at onset are introduced as risk factors for developing XDR *P. aeruginosa* bacteremia.[@CIT0057] Also, one study showed that previous transplantation, hospital-acquired blood stream infection, and prior ICU admission were risk factors for MDR P. *aeruginosa isolates*.[@CIT0058]

*P. aeruginosa* infections are concerning issues in liver Tx recipients due to high mortality and morbidity rate, which complicate the treatment course. Previous studies showed that *P. aeruginosa* infections have incidence and mortality rate ranging from 1.9% to 15.9% and 0% to 30%, respectively, in liver Tx patients.[@CIT0051]

The problem with this microorganism is its ability to become resistant to different classes of antibiotics, making its treatment a great challenge that influences the prognosis and survival of liver Tx patients.[@CIT0059] Between 10.3% and 51.5% of *P. aeruginosa* species isolated from blood of SOT recipients are reported to be MDR.[@CIT0053]

In a prospective study, it was shown that extensive drug-resistant (XDR) *P. aeruginosa* bacteremia was associated with shorter time from Tx to bacteremia, higher rates of shock and respiratory failure, more frequent ICU admissions, and higher case-fatality rate. In this study, 318 episodes of bacteremia in SOT patients were documented from 2007 to 2013, 15% of which were developed by *P. aeruginosa*. Nearly 61% of Pseudomonas strains and 10% of all cases were XDR. The XDR isolates were resistant to antipseudomonal penicillins and cephalosporins, carbapenems, monobactams, fluoroquinolones, fosfomycin, gentamicin, and tobramycin, but sensitive toward colistin and amikacin.[@CIT0059]

### Treatment And Prevention {#S0001-S2003-S3003}

Optimal treatment for non-MDR *P. aeruginosa* infections has not been established yet. It is recommended to initiate the therapy with a combination of antipseudomonal beta lactams (piperacillin/tazobactam, ceftolozane/tazobactam, ceftazidime, cefepime, or a carbapenem) and aminoglycosides for 3--5 days followed by beta-lactam monotherapy. This strategy will decrease the nephrotoxicity in post-transplant patients, in whom renal failure and coadministration of other nephrotoxic drugs are common.[@CIT0060] For MDR *P. aeruginosa*, a combination of two or three antibiotics, including beta-lactams, aminoglycosides, polymyxins and a quinolone is recommended for 7 to 10 days.[@CIT0050],[@CIT0061] Novel regimens including colistin, doripenem, aminoglycosides, fosfomycin, and rifampicin have shown efficacy in in vitro studies, and small case series, but clinical experience using these combinations is limited.[@CIT0060]

Sun et al presented a case of liver Tx recipient with biliary cast syndrome and intractable MDR Pseudomonas bacteremia who did not respond to conventional antibiotic regimens, including piperacillin/tazobactam, ciprofloxacin, tobramycin, and combination of piperacillin/tazobactam, rifampin, and tobramycin. Finally, the patient received a combination of colistimethate (100mg every 36 h), doripenem (250mg every 12 hrs), and tobramycin (40 mg every other day) for 5 days and the doses were adjusted based on the patient's creatinine clearance of 16mL/min. Surprisingly, the blood cultures became sterile after 62 days of bacteremia. The in vitro susceptibility and synergy tests showed that this unique clinical strain of MDR *P. aeruginosa* was resistant to doripenem, but susceptible to colistin and tobramycin. Among 2-drug combinations, only doripenem plus tobramycin exhibited additive, but not synergistic activity. In contrast, the combination of colistin, doripenem, and tobramycin was rapidly bactericidal and synergistic.[@CIT0053]

Prolonged or continuous high dose beta-lactam therapy can also be administered in the case of piperacillin--tazobactam, ceftazidime, meropenem, and doripenem. In patients with nosocomial pneumonia caused by *P. aeruginosa*, the combination of aerosolized antibiotics, such as colistin with intravenous antimicrobial therapy (eg, colistin or beta-lactam) can be effective.[@CIT0060]

In recent years, novel antipseudomonal antibiotics have become available to overcome *P. aeruginosa* antimicrobial mechanisms of resistance. These agents include ceftolozane-tazobactam, ceftazidime-avibactam, imipenem-cilastatin-relebactam. However, the impact of these new agents has not been evaluated, yet.[@CIT0050]

Due to high mortality and morbidity caused by multidrug-resistant Gram-negative bacteria, recent guidelines have focused on preventing colonization with the aim at reducing the transmission of these species. Regarding MDR- *P.aeruginosa*, the guidelines strongly recommend hand hygiene, active screening cultures, contact precautions and using isolation rooms for colonized or infected patients.[@CIT0062]

*Escherichia coli* (*E. coli*) {#S0001-S2004}
------------------------------

### Epidemiology {#S0001-S2004-S3001}

*Escherichia coli* (*E. coli*), a Gram-negative bacteria, is a member of the bacterial family of Enterobacteriaceae, and its primary habitat is in the gastrointestinal tract of human and several warm-blooded animals.[@CIT0063] This microorganism can cause systemic infection when it leaves its natural habitat. The patients have to receive immunosuppressants after transplant to prevent rejection and it is thought that these medications can affect host-microbial interactions. One study showed that immunosuppressant therapy can change the gut microbiota, leading to overgrowth of indigenous *E. coli* and increased colonization by uropathogenic *E. coli*.[@CIT0064]

*E. coli* is known to cause late-onset infections, usually beyond the second month after liver transplantation. In Lee et al study, the most common pathogen causing late-onset Gram-negative bacteremia was *E. coli*.[@CIT0051] Also, *E. coli* was the most frequent bacteria in liver Tx recipients who survived for more than 1-year post-transplant.[@CIT0065]

As it was mentioned, blood stream infections in liver Tx recipients are often caused by Gram-negative bacilli such as *E. coli, K. pneumoniae*, and *P. aeruginosa*. Also, *E. coli* is one of the main pathogens responsible for surgical site infections in this population.[@CIT0004]

### Risk Factors And Mortality {#S0001-S2004-S3002}

A 17-year study of blood stream infections caused by *E. coli* after liver transplantation was conducted in People\'s Republic of China, and *E. coli* was the most common amongst patients with blood stream infections, which was associated with an increase in mortality 15 days after infection development. Cholangioenterostomy and ductal complications were identified as risk factors for E. coli bacteremia. Carbapenem and piperacillin-tazobactam were the most consistently active antibiotics against *E. coli*, and the resistance rate to other agents was high.[@CIT0066] Bert et al evaluated 704 patients who underwent transplantation in a 10-year period. The blood cultures showed that the most frequent pathogens were Enterobacteriaceae members (41%) and the most frequent species was *E. coli*.[@CIT0067]

### Treatment {#S0001-S2004-S3003}

Skin or soft tissue infections have rarely been reported in liver Tx recipients, but they are serious and can even occur in patients with a functional graft. *E. coli* is the most common Gram-negative bacteria involved in these infections. Empiric therapy against Gram-positive cocci and Gram-negative bacilli should be promptly initiated.[@CIT0068],[@CIT0069]

Several treatment options exist for severe infections developed by susceptible *E. coli*, such as penicillins, β-lactam/β-lactamase inhibitors, cephalosporins, monobactams, carbapenems, fluoroquinolones, aminoglycosides, and trimethoprim-sulfamethoxazole (TMP-SMX). However, the evolution of resistant species, including fluoroquinolone resistant, as well as ESBL, plasmid-mediated Amp (pAmpC) and carbapenemase producing *E. coli* has limited the treatment options.[@CIT0070]

Carbapenems, including imipenem and meropenem are considered as the drug of choice for ESBL infections. These infections are usually resistant to penicillins, fluoroquinolones, TMP-SMX and some aminoglycosides. The risk of clinical failure is higher with cefepime and piperacillin-tazobactam. Hence, these drugs should be used as alternative in patients who are not severely ill.[@CIT0061],[@CIT0070]

Infections caused by MDR Gram-negative bacteria, including CRE are concerning challenges among solid organ transplantation recipients, which can lead to high mortality rates and graft dysfunction. Recently, occurrence of carbapenemase-producing Enterobacteriaceae (CPE) has emerged in immunosuppressed SOT recipients, which is even more vulnerable than CRE. In a study evaluating CPE acquisition in SOT recipients, KPC-producing *E. coli* was isolated in 17 (3.0%) patients. The results showed that interspecies spread of carbapenemase genes between carbapenem-resistant *K. pneumoniae* and *E. coli* in a single recipient via mobile genetic cassettes can occur, due to coexistence of these pathogens in colon, especially in SOT recipients with life-long immunosuppressive therapy.[@CIT0071]

Colistin, tigecyline, fosfomycin, and in some cases, aminoglycosides (gentamycin, amikacin) are against CPE and are administered as combination regimens for treating infections caused by these species. Some studies have recommended that high dose carbapenems should be part of regimens, preferably as prolonged infusions. However, it has been suggested to use monotherapy for uncomplicated urinary tract infections due to complications associated with combination therapy.[@CIT0004],[@CIT0070]

The marked increase in *E. coli* non-susceptible to fluoroquinolones is also of particular concern. Hauck et al evaluated fluoroquinolone (ciprofloxacin and levofloxacin) non-susceptibility trends in *E. coli* species isolated from blood and urine cultures of patients over a 16-year period. They concluded that the annual rate of fluoroquinolone non-susceptibility in *E. coli* increased across the study period 2000--2015 for both blood and urine isolates.[@CIT0072]

As mentioned before, polymyxins are identified as the last-resort treatment MDR Gram-negative bacteria, including *E. coli*. Regrettably, the spread of polymyxin resistance is on the rise amongst these microorganisms. In an American study, *E. coli* harboring mcr-1, a plasmid-associated gene for polymyxin resistance was detected in a group of liver transplant recipients.[@CIT0073]

Contact precautions and hand hygiene have been suggested to prevent ESBL producing *E. coli*. Also, educating healthcare workers, contact precautions, patient and staff cohorting, chlorhexidine bathing, targeted screening of contacts and active surveillance, optimization of hand hygiene, environmental cleaning, decreased use of indwelling devices, the application of antimicrobial stewardship principles, and interfacility communication are preventive strategies against CRE including carbapenem-resistant *E coli*.[@CIT0074]

Conclusion {#S0002}
==========

The incidence of infections due to MDR-GNB in SOT recipients, including liver Tx patients is on the rise and the rate varies based on the center in which the Tx has been performed. The most common MDR-GNB in liver Tx recipients include *A. baumannii, E. coli, P. aeruginosa* and *K. pneumoniae*. These patients are more prone to MDR-GNB infections due to their prolonged hospital stay, as well as receiving immunosuppressive agents and broad-spectrum antibiotics. Infections caused by MDR-GNB are associated with poor prognosis, decreased quality of life and survival, as well as increased mortality and morbidity in this population. Thus, special preventive and treatment strategies should be implemented in liver Tx recipients. The most frequent antibiotics recommended for the treatment of MDR-GNB 9nclude carbapenems (ie, meropenem), colistin, fosfomycin, tigecycline, aminoglycosides and antipseudomonal beta lactams ([Table 1](#T0001){ref-type="table"}).[@CIT0015],[@CIT0072]Table 1A Summary Of Epidemiology, Risk Factors, Clinical Presentation, Prevention And Treatments Of The Most Common Gram-Negative Bacteria In Liver Transplant RecipientsEpidemiologyRisk FactorsClinical PresentationTreatmentPrevention**Klebsiella pneumoniae (K. pneumoniae)**-The incidence of infections by CRE^a^, particularly CRKP^b^ in liver Tx^c^ recipients:\
6% to 12.9%\
-The incidence of ESBL^d^ infections in liver Tx recipients: 5.5--7%^e^-Risk factors for K. pneumoniae infections:\
chronic liver diseases, dialysis, cancers and solid organ Tx\
-Risk factors for CRKP infections in liver TX recipients:\
Colonization with CRKP, CKD^f^, MELD^g^ score more than, mechanical ventilation, exposure to cephalosporine/carbapenem/piperacillin tazobactam renal, replacement therapy, HCV recurrence, and Roux-en-Y biliary choledochojejunostomy.Blood stream infection, UTI^h^ pneumonia, tertiary peritonitis and surgical site infections-K. pneumoniae: polymyxins, carbapenems, glycylcyclines, aminoglycosides, cephalosporines, fluoroquinolones, monobactam, fosfomycin, tetracyclines, cotrimoxazole, and beta lactam-beta lactamase inhibitors\
-CPKP: polymyxins, aminoglycosides, and tigecyclinePCR^i^-based screening upon patient admission in order to identify KPC^j^; isolation of CPKP positive patients in a separate hospital ward; restricting broad-spectrum antibiotic especially carbapenems; practicing hand hygiene particularly by healthcare providers.***Acinetobacter baumannii*** (***A. baumannii***)The Incidence of *A. baumannii* bacteremia in liver Tx recipients: 0.8 to 15.9%Hospital length of stay, ICU^k^ length of stay, hemodialysis after Tx, secondary surgery after liver Tx, MELD score before liver Tx, having received broad-spectrum antibiotic particularly previous exposure to carbapenems, septic shock, high age, diabetes graft dysfunction after liver Txblood stream, respiratory tract, surgical site and wound infectionsCarbapenems, Polymyxins, Tigecycline, sulbactam, fosfomycin and rifampinLimiting use of mechanical ventilation, removing unnecessary catheter, daily chlorhexidine bathing, adherence to hand hygiene and contact precautions, and restricting carbapenem usage.***Pseudomonas aeruginosa*** (***P. aeruginosa***)-The incidence of infections by *P. aeruginosa* in liver Tx patients: 1.9% to 15.9%\
-The Incidence of *P. aeruginosa* bacteremia in liver Tx recipients: 6.5--12.7%Prior transplantation, nosocomial acquisition, septic shock, previous transplantation, hospital-acquired blood stream infection, and prior ICU admissionBlood stream infections, pneumonia and intraabdominal infectionsAntipseudomonal beta lactams (piperacillin/tazobactam, ceftolozane/tazobactam, ceftazidime, cefepime, or a carbapenem), aminoglycosides, polymyxins, quinolone doripenem, fosfomycin and rifampicinHand hygiene, active screening cultures, contact precautions and using isolation rooms for colonized or infected patients.***Escherichia coli*** (***E. coli***)The incidence of ESBL infection: 5.5--7%^e^Cholangioenterostomy and ductal complicationsBlood stream infections, surgical site infections, UTI, skin and soft tissue infection-Susceptible *E. coli*: penicillins, β-lactam/β-lactamase inhibitors, cephalosporins, monobactams, carbapenems, fluoroquinolones, aminoglycosides, and TMP-SMX^l^\
-ESBL and CRE species: Colistin, tigecyline, fosfomycin, and in some cases, aminoglycosides-ESBL producing *E. coli*: contact precautions and hand hygiene\
-Carbapenem resistant *E. coli*: educating healthcare workers, contact precautions, patient and staff cohorting, chlorhexidine bathing, targeted screening of contacts and active surveillance, optimization of hand hygiene, environmental cleaning, decreased use of indwelling devices, the application of antimicrobial stewardship principles, and interfacility communication[^1]
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[^1]: **Notes:** ^a^Carbapenem-resistant Enterobacteriaceae; ^b^Carbapenemase producing *K. pneumoniae*; ^c^Transplant; ^d^Extended spectrum beta lactamase; ^e^The most commonly isolated ESBL-producing species are *Klebsiella pneumoniae* and *Escherichia coli*; ^f^Chronic kidney disease; ^g^Model for end-stage liver disease; ^h^Uninary tract infection; ^i^Polymerase chain reaction; ^j^klebsiella pneumonia carbapenemase; ^k^Intensive care unit; ^l^Trimethoprim/sulfamethoxazole.
